SUMMARY Endothelium-dependent relaxations are impaired in the aorta of various models of hypertension, but no data are available regarding the cerebral or renal circulation. Endotheliumdependent relaxations were studied in the carotid and renal artery of Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR). Rings with and without endothelium were suspended in organ chambers for isometric tension recording. Acetylcholine and adenosine 5'-diphosphate (ADP) caused endothelium-dependent relaxations in both arteries that were impaired in the carotid, but not in the renal artery, of the SHR, similar to those to the endothelium-independent vasodilator sodium nitroprusside. Indomethacin did not affect relaxations to acetylcholine in the carotid artery, but it significantly augmented them in the renal artery. This finding suggests that an impaired vascular responsiveness to endothelium-derived relaxing factor is responsible for the decreased relaxations in the carotid artery of the SHR. In the renal artery, acetylcholine appears to release both endotheliumderived relaxing factor and a vasoconstrictor prostanoid. Carotid arteries of SHR were more sensitive to the constrictor effects of serotonin than were those of WKY. Endothelium removal caused a twofold to eightfold increase in sensitivity to serotonin in both strains. Thus, endothelium-dependent relaxations to acetylcholine and ADP are reduced and constrictions to serotonin are enhanced in the carotid, but not in the renal, artery of the SHR. 1 -2 This regulatory mechanism is impaired in the aorta of hypertensive rats.
iological importance if they were present in those vascular beds where hypertensive sequelae occur or where peripheral vascular resistance is regulated (or both). In SHR, stroke is the most common complication of the hypertensive process. 10 For long-term blood pressure regulation, vascular tone in the renal circulation is important. Thus, the present study was designed to investigate whether endothelium-dependent vascular responses are altered in the common carotid or the main renal artery (or both) of the adult SHR.
Acetylcholine hydrochloride, adenosine 5'-diphosphate (ADP), indomethacin, /-norepinephrine bitartrate, serotonin (5-hydroxytryptamine creatinine sulfate), and sodium nitroprusside were obtained from Sigma Chemical (St. Louis, MO, USA). Concentrations (M) in the bath solution are given. Drugs were dissolved in distilled water, except for indomethacin, which was dissolved in distilled water containing 5 X 10" 3 M NaCO 3 and sonicated before use. 6 
Protocols, Calculations, and Statistics
In most experiments, rings of SHR and WKY with and without endothelium or rings treated with or without indomethacin were studied in parallel. Contractions are expressed in absolute tension (grams) or as a percentage of the maximal response. The concentration exhibiting 30 or 50% of the maximal response to the agonist (EC30 and ECso, respectively) or that required to evoke an increase in absolute tension of 0.25 or 0.4 g (ED 0 y , or ED 0 4g , respectively) was calculated for each ring and expressed as negative log M. To study relaxations, rings were contracted with norepinephrine (3 X 10~7 M), and relaxations are expressed as a percentage of that contraction. The level of contraction (grams) did not differ statistically in WKY and SHR. In rings treated with indomethacin (10~5 M), contractions evoked by norepinephrine were less than those elicited under control conditions. Thus, rings treated with indomethacin were contracted with 3 x l O " 7 t o 3 x l O~6 M norepinephrine to match the level of tension of control rings. Sodium nitroprusside was added in rings contracted with 3 x 10~7 or 10" 4 M norepinephrine. The concentration exhibiting 30 or 50% relaxation (ICJO and ICJO) is expressed as negative log M. With ADP in both arteries and acetylcholine in the carotid artery, the area under the concentrationresponse curve was used for statistical comparison, since IC30 and IC50 values could not be obtained in all rings.
The data are given as means ± SEM. In all experiments, n equals the number of rats used. Student's t test for paired or unpaired observations was used for statistical analysis. A p value smaller than 0.05 was considered to indicate a statistical difference.
Results

Common Carotid Artery
Endothelium-Dependent Relaxations
In rings contracted with norepinephrine, acetylcholine (10' 
Endothelium-independent Relaxations
In SHR, the concentration-relaxation curve to sodium nitroprusside was shifted to the right as compared with WKY both in rings maximally contracted with norepinephrine (see Figure 2 ) or with 3 X 10" 7 M of the catecholamine (n = 4; data not shown). The IC W value was 7.3 ± 0 . 1 in WKY and 6.5 ± 0.2 in SHR (p<0.05). Indomethacin (10~5 M) did not affect the relaxations in either strain (n = 4 and 5, respectively).
Contractions to Serotonin and Norepinephrine
The maximal contraction to serotonin was similar in WKY and SHR and was not affected by removal of the endothelium ( Table 1) . Removal of the endothelium Z 20
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Endothelium-dependent relaxation to ADP in the common carotid artery of WKY and SHR. The relaxations were impaired in SHR (p<0.05).
caused a shift to the left of the concentration-response curve to the monoamine in both strains (2.5-fold to 3.2-fold log shift at ED-*, and ED W ;p<0.05; Figure 4 ; see Table 1 ). Rings with and without endothelium of SHR were more sensitive to serotonin than were those of WKY (twofold to 7.9-fold log shift at EDJO and EDJO; p < 0 . 0 5 ; see Figure 4 ). The concentration required to induce an increase in tension of 0.25 and 0.4 g was lower in SHR than in WKY (ED 023| : 6.3 ± 0.1 and 5.8 ± 0 . 1 , respectively; ED 0 4 g : 6.0 ± 0 . 1 and 5.4 ± 0.2, respectively; p<0.05).
The maximal contraction induced by norepinephrine did not differ in WKY and SHR, and the ED M and EDjo values of norepinephrine in rings with endothelium were similar (see Table 1 ).
Main Renal Artery Endothelium-Dependent Relaxations
In rings contracted with norepinephrine, acetylcholine (10~9-10~4 M) induced relaxations in rings with, but not without, endothelium. Renal arteries were more sensitive to acetylcholine, and the maximal relaxation was larger than that seen in carotid arteries. The IC30 and ICJO values of acetylcholine did not dif- In rings contracted with norepinephrine, ADP (10~'-10~4 M) evoked endothelium-dependent relaxations. The relaxations were less pronounced than those seen in the carotid artery, but they did not differ in WKY and SHR (n = 11 and 16, respectively).
Endothelium-lndependent Relaxations
In rings contracted with norepinephrine (3 X 10~7 M), the IC50 value of sodium nitroprusside did not differ in WKY (7.2 ± 0.2) and SHR (7.1 ± 0.3) both under control conditions (« = 7 and 8, respectively) and with indomethacin (10~5 M; n = 5 and 6, respectively). 
Contractions to Serotonin and Norepinephrine
Contractile responses to serotonin did not differ in WKY and SHR (n = 11 and n = 13, respectively; Table 2). Removal of the endothelium caused a slight, but not significant shift to the left of the concentrationresponse curve in both strains (twofold log shift at EDJO; p>0.05). In WKY and SHR, the maximal response to serotonin was greater and the ED^ value of the monoamine was lower in the renal as compared with the carotid artery (p<0.05). The ED 0 4 f value was lower in the renal as compared with the carotid artery both in WKY (7.0 ± 0.1 vs 5.4 ± 0.2;p<0.05) and in SHR (6.9 ± 0.1 vs 6.0 ± 0.1; p < 0.05).
Contractile responses to norepinephrine did not differ in WKY and in SHR (n = 20 and 22, respectively; see Table 2 ). Removal of the endothelium did not alter the sensitivity to the catecholamine in either strain (n = 7 and 8, respectively). In both groups, the maximal response to and the EDJO value of norepinephrine were greater in the renal than in the carotid artery (p<0.05).
Discussion
The present study demonstrates that endotheliumdependent relaxations to acetylcholine and ADP are decreased in the common carotid, but not in the renal, artery of SHR. In contrast to its effect in the aorta, 6 indomethacin did not affect endothelium-dependent relaxations to acetylcholine in the carotid artery of SHR. This rinding suggests that the relaxations to acetylcholine are mediated by endothelium-derived relaxing factor (EDRF) rather than by prostacyclin and that the muscarinic agonist does not release major amounts of prostanoidlike endothelium-derived constrictor factor in this blood vessel. 2 6 9 The relaxations to the Data ( -log M) are means ± SEM of 7 to 20 experiments.
endothelium-independent vasodilator sodium nitroprusside and to acetylcholine were similarly impaired. Sodium nitroprusside and EDRF cause relaxation by increasing cyclic guanosine 3',5'-monophosphate in vascular smooth muscle cells." The diminished relaxations to both sodium nitroprusside and acetylcholine in the carotid artery of SHR, therefore, would be consistent with an impaired vascular responsiveness rather than with a reduced release of EDRF. Indeed, a normal release of EDRF has been demonstrated in the aorta of hypertensive rats. 9 l2 A decreased vascular responsiveness to EDRF would also be consistent with the finding that endothelium-dependent relaxations to ADP and to acetylcholine were similarly impaired. Like the aorta of the hypertensive rats, 7 ' 8 -13 the carotid artery was more sensitive and exhibited more tension in response to serotonin as compared with WKY. Removal of the endothelium caused a twofold to eightfold increase in sensitivity to the monoamine in both groups of rats, demonstrating the protective role of the endothelium against vasoconstrictor stimuli. Similar effects were found in the canine coronary circulation after mechanical removal of the endothelium and after endothelial damage caused by brief hypertension. 44 - 15 This inhibition of the contractile response to serotonin in rings with endothelium would best be explained by basally released EDRF.
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Decreased endothelium-dependent relaxations to ADP and enhanced contractions to serotonin (both substances released from aggregating platelets 7 -18 ) in SHR would -at sites where platelets are activatedshift the balance between vasodilator and vasoconstrictor responses toward vasoconstriction. The increased serotonin release and serotonin-induced aggregation of hypertensive platelets would further contribute to this phenomenon. 19 Endothelium-dependent relaxations to acetylcholine (but not those to ADP) were stronger and occurred at lower concentrations in the renal than in the carotid artery. The potency of endothelium-dependent relaxations to these agonists in the rat renal artery is comparable to that observed in human renal arteries. 20 As in the aorta of SHR, acetylcholine evoked endotheliumdependent contractions at higher concentrations. In contrast to the aorta, 6 however, only some SHR exhibited marked endothelium-dependent contractions. This response could, at least in part, be related to the younger age of the rats in the present study. Indomethacin, to block the production of prostaglandins, 9 inhibited endothelium-dependent contractions and augmented the relaxations to acetylcholine in both strains. Thus, as in the aorta of SHR, acetylcholine evokes the release of both EDRF and a vasoconstrictor prostanoid in the renal artery. 6 In the presence of indomethacin, the relaxations induced by acetylcholine were identical in both strains, indicating a normal release of and vascular responsiveness to EDRF in the renal artery of SHR. Accordingly, the response to another agonist of EDRF like ADP did not differ in normotensive and hypertensive rats.
Contractile responses to serotonin and norepineph- rine were much greater in the renal as compared with the carotid artery in both strains, which is remarkable considering the small size of the renal as compared with the carotid artery. The inhibitory effect of the endothelium on contractile responses, on the other hand, was almost absent in the renal artery. Possibly, the inhibition of basally released EDRF is less effective in arteries with marked contractile responses such as the rat renal artery.
